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Edible insects are being accepted by a growing number of 
consumers in recent years not only as a snack but also as a 
side dish or an ingredient to produce other foods. Most of 
the edible insects belong to one of these groups of insects 
such as caterpillars, butterflies, moths, wasps, beetles, 
crickets, grasshoppers, bees, and ants. Insect properties are 
analyzed and reported in the articles reviewed here, and 
one common feature is nutrimental content, which is one of 
the most important characteristics mentioned, especially 
proteins, lipids, fiber, and minerals. On the other hand, 
insects can be used as a substitute for flour of cereals for the 
enrichment of snacks because of their high content of 
proteins, lipids, and fiber. Technological properties are not 
altered when these insects-derived ingredients are added 
and sensorial analysis is satisfactory, and only in some 
cases, change in color takes place. Insects can be used as 
substitute ingredients in meat products; the products 
obtained have higher mineral content than traditional ones, 
and some texture properties (like elasticity) can be 
improved. In extruded products, insects are an alternative 
source of proteins to feed livestock, showing desirable 
characteristics. Isolates of proteins of insects have 
demonstrated bioactive activity, and these can be used to 
improve food formulations. Bioactive compounds, as 
antioxidant agents, insulin regulators, and  anti- 
inflammatory peptides, are high-value products that can be 
obtained from insects. Fatty acids that play a significant role 
in human health and lipids from insects have showed 
positive impacts on coronary disease, inflammation, and 
cancer. Insects can be a vector for foodborne microbial 
contamination, but the application of good manufacturing 
practices and effective preservation techniques jointly with 
the development of appropriate safety regulations will 
decrease the appearance of such risks. However, allergens 
presented in some insects are a hazard that must be 
analyzed and taken into account. Despite all the favorable 
health-promoting characteristics present in insects and 
insects-derived ingredients, willingness to consume them 
has yet to be generalized. 
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INTRODUCTION 


In the latest years, researchers are looking at insects as a 
potential source of alternative proteins. It is clear that the 
exponential growth of the populations creates the societal 
challenge of ensuring their appropriate feeding, resulting in 
the increment of the global demand for meat. Meat 
production has been discussed as a non-sustainable process. 
The livestock sector uses 2/3 of all the agricultural land (1) 
and is responsible for more than 14% of total greenhouse 
gas emissions and 59% of total agricultural ammonia 
emissions (2). Nowadays, around the world, more than 
2,000 insect species are consumed mainly in tropical 
countries, namely, beetles (coleoptera); caterpillars, 
butterflies, moths (lepidoptera); wasps, bees, and ants 
(hymenoptera); crickets, grasshoppers, and __ locusts 
(orthoptera); cicadas, honey ants, aphids, plant hoppers, 
leafhoppers, scale insects, and true bugs (Hemiptera); and 
others such as termites and cockroaches (3). Therefore, 
edible insects have been the focus of several researchers, 
documenting that edible insects contain essential nutrients 
such as proteins, vitamins, minerals, and fatty acids. The 
protein content is especially high, reaching around 77% in 
many species (4). Insects are a source of high-value 
proteins; their essential amino acid score (the percentage of 
essential amino acids required in an ideal protein) ranges 
between 46 and 96% (5). In addition, insects are also high 
in minerals like copper (Cu), selenium (Se), iron (Fe), zinc 
(Zn), calcium (Ca), magnesium (Mg), manganese (Mn), and 
phosphorus (P), as well as vitamins like biotin, riboflavin, 
pantothenic acid, and folic acid (6). Then, insects represent 
a great option as an alternative protein source mainly due 
to their high content of proteins reported, and their low 
environmental impact in terms of low emission of 
greenhouse gases (7), the yield of production in terms of the 
amount of land required to produce one kilogram of protein 


from insects (7), as well as their high-feed-conversion 
efficiencies (3). Edible species can be eaten as larvae or in 
adult form, and both have showed a high feed conversion 
ratio (FCR) as their production requires a reduced amount 
of water, energy, and land. All these factors mentioned 
before can help to reduce the ammonia emissions to 
environment (8). In this scenario, insects are seen as one of 
the main future sources of proteins for human consumption 
or as pets and fish food and livestock feed. 

Insects can be used as a food ingredient to increase the 
nutritional content of different meals around the world, 
with specific purposes such as the improvement of the 
nutrition intake of the population in countries where access 
to a protein source is scarce; to offer products with high- 
protein content that complement human diet, addressing 
the increasing demand for alternative sources of protein or 
to develop exotic food products to attract the attention of 
culinary tourism. Different products containing insects or 
parts of them are being commercialized worldwide, such as 
in cereal-based foods, animal-derived protein foods, animal 
feed, and other products like sauces and honey spread (9- 
12). In addition to nutritional benefits, the findings of some 
studies show that insects have numerous health benefits 
through bioactive compounds (e.g., phytosterols, 
policosanols) (13, 14). Like other food products, insects 
undergo structural changes during processing (15, 16). Even 
though more than 2 billion people worldwide eat insects 
every day (17), nations, such as Belgium, The Netherlands, 
and Switzerland, where entomophagy is not common, are 
regulating insect consumption to ensure its safety. 

This paper reviews (a) the impact of insects as food 
ingredients in the nutritional and _ techno-functional 
features, (b) insects as a source of bioactive compounds, and 
(c) the effect of food processing in nutritive and bioactive 
components of insects. Furthermore, (d) microbiological 
safety aspects of consumption and regulations of insects are 
discussed, along with the importance of consumer 
perception. 


FOOD APPLICATIONS 


Insect-Enhanced Foods 


Cereal-Based Foods 

Cereal-based foods have long been a staple of many cultures 
around the world, and they are the most important source 
of nutrients for humans. The most consumed cereals are 
rice, wheat, and maize (18). Unfortunately, some of them 
lack important nutrients, for example, maize is a deficient 
source of Fe, Ca, and Zn, and has only 8% protein. This is 
why, in countries where micronutrient deficiencies are 
considered moderate or severe public health problems, 
cereal meal enrichment with selected vitamins and minerals 
has been used to improve micronutrient intake and prevent 
deficiencies (18, 19). 

The incorporation of edible insects to enrich cereal 
products has been already suggested by some authors. Insect 
flours have been used to replace 5-40% of cereal flour in 
staple foods or snacks, with the ideal replacement around 
10% (Table 1). Wheat bread has been enriched with flour 
from cinereous cockroaches (Nauphoeta cinerea), black 
soldier fly larvae (Hermetia illucens), adult crickets (Acheta 
domesticus), and yellow mealworm (Tenebrio molitor) for 
protein enrichment (10, 20). In dough and bread, A. 
domesticus, H. illucens, and T. molitor were used to replace 
5% wheat flour. Fat content of insect flours ranged from 27 
to 36% dry weight (dw) and protein content from 45 to 
57% (dw). The bread-making process was achieved with all 
the composite flour without significantly affecting dough 
properties, resulting in bread with acceptable technological 
quality and an improved nutritional profile. Protein, lipids, 
and fiber levels have increased an average of 12.7, 246, and 
120%, respectively (20). In this way, cinereous cockroaches 
(63% protein and 23% lipids, dw) replaced 5, 10, and 15% 
of wheat flour in the bread formulation where the fat 
content of the insect flour was deducted from the 
formulation (Table 1). Bread made with cockroach flour has 
an advantage in terms of fat content, with a high percentage 
of unsaturated fatty acids rich in omega-6 (w-6) and 


omega-9 (w-9). Bread enriched with 10% cockroach flour 
presented the best nutritional characteristics (protein 
increased 49%), without alterations in sensorial quality (low 
crumb hardness values and a high total quality score) when 
compared with white and whole wheat bread. Increased 
cockroach flour content resulted in higher crumb 
compression values (gluten network formation was altered) 
in both white and whole-wheat bread. Overall, technical 
characteristics of composite bread were not altered in a 
negative way by the addition of cockroach flour (10), 
although the high-fat content of the insects must be 
considered in the formulation of the final product. 


Table 1. Benefits and challenges in the incorporation of insects in food 
products. 


Food products _Insect (replacement %) Technological challenge Benefit References 
Wheat bread Hermetia itucens, Acheta Insect's enriched breads had high fat Prote'n, lipids and fiber levels were (eo) 
comesticus and Tenebrio molitor content incorporated by high fat content in increased an average of 12.7, 246, and. 
(6%) insects, The fat content af the insect flour 120%, respectively 
must be subtracted from the fat in the 
formulation 
Cinareous cockroach Large percentage of unsaturated fatty (19) 
(Nauphosta cinerea) 6-15%) acids rich in @-6 and @-9 were found 
Protein increased to 49% by 10% wheat 
flour replacement. 
Maize tortilla T. moltor larva (6.5%) ‘Tortilas were darker than the contre Protein and fat content increased by 2 and (ay 
Consequently, larva was dried at 60°C, 196, respectively, as did essential amino 
temperature in which develops less color, acids (phenylalanine, tyrosine, and 
at higher temperatures, the larvae tum a tryptophan) end polyunsaturated acids, 
dark brown color, (linoleic acic. 
Extruded corsals Grasshopper (Sphenarium Increasing insect proportion decreased ‘A coneumer-friendly extruded snack can (2) 
snacks purpurascens Ch.) (0-40%) ‘expansion indox; hardness end water bo made from a combination of 
absorption index and increased the bulk _nixtarmalized maize flour and grasshopper 
density and total color difference, Meal meal. 
proportion was optimizad to improve 
nutritional while maintaining procuet 
quality 
Yellow meatworm larvae (T- Increased barrel temperature and screw __—Protein and fat content increase 35 and an 
moitor) (10 and 20%) speed improved snack microstructure 288% respectively, Digestibity of T; 
(expansion and pore structure), resulting in maitar proteins vas improved by 33%. 
acceptable textural qualities. 
Wheat cookies Palm weevil larvae As the levels of larva substitution Cookies containing 10% insect larvae had (23) 
(Rhynchophanus phoenicis) increased, the cookies became soiter and higher protein (Increased 88%), fat 
(10-50%) very dark in calor. Meal proportion was (increased 20%) and fiber (increased 
optimized to improve nutritional while 642%) content 
maintaining product quality 
Pork emulsion Mealworm larvae (7. molitor) and Fat content increased by 5% and moisture In ernulsion sausages, the protein content (24) 
sausages sikwoim pupae (Bombyx mor) _ content decreased by -8% with incteased by 21%, and almost all minerals 
(10%) meelworm larvae and silkworm pupae. A, __ were increased (e.g., P, K, Ca, Mg, ZN, 
domesticuswas used (less amount of fat). Mn}specially Zn that increased €9%, Ca 
No significant differences were found in fat__and Mg that double its amount and Cu 
content or moisture content of meat increased 6 folds; mealworm larvae flour 
emulsions. contributed to Fe increases by 1.5 folds, 
Cricket (A. domesticus) (5-106) ‘As replacement level increased, P, K, Mg, ay 
Zn, and Mn contents of meat emulsion 
‘wore increased. Compared to regular 
formulation (control emulsion), insect 
treatments had higher protein 18-48%. 
Soy meat analog —_Alphitobus dlaperinus (15-50%) The adciton of soy fiber (5-102) to Meat analogs with 25-31% of protein 5) 
samples improved cutting strength to content. 
levels comparable to chicken breast meat 
Insect—soylike- —__T. molitor larvae (60-80%) Browning increased as fermentation During fermentation, essential and 26) 
fermented sauce progressed in the insect sauces. Browning non-essential amino acids, as well as 
of defatted insect sauce increased but amino acid derivatives, increased by 
then dropped dramatically on day 20.The —_1.5-two times. 
Use of sauces with a 60%ratio resulted in 
higher amiro ritrogen content 
(0.26-0.32%) than sauces with a 80% 
ralio, indicating more efficient protein 
degradation 
Honey spread Soldier termites (Syntermes Honey spreed with soldier termite flour Protein increased! from 0.4 to 5.5% and Fe ) 
soldiers) (8%) processed by pan-frying rather than bolling and Zn solubility increased to 42.8 and 
water at 100°C rather than 80 or 90°C 27.1%, respectively with contents of 3.80 
had good nutritional and sensory qualities. ma/100g and 1.75 mg/a 
Insect tea Produced using insect feces fed Low production rate and long production Higher levels of human essential amino en 


‘Wheat basad feed. 


Fishmeal based 
fish feed 


from tea leaves Agiossa 
dimidiata Haworth, Hydtrilodes 
morose Butler, and Nodaria 
niphona (Butler) 


H. flucens (25%) 


H. ilucens and A. domesticus 
(0-75%) 


time (1 year), 


H.ilucens prepupae was not extrudable, 
by supplementing it with fat (fom 3.9 to 
4.6%) an acceptable level for extrusion 
was achieved. Therefore, larvae (with 
higher tat content than prepupae) was 
Used and the best extrusion performance 
was obtained, 

As the level of fish real sulbstitution 
increased, Fe and Na levels decreased 
significantly. Mg content increased with 
increasing substitution level of H. ft 
meal but decreased with increasing 
substitution level of A. domesticusmeal 
As a result, use H. ilucens and optimize to 
prevent Fe levels from dropping to 
suboptimal levels, 


scens 


acids such as valine (8 folds), threonine 
(2.45 folds), and phenylalanine (2.36 folds). 


Extrusion process inoreased in vitro 
organic matter digestbilty by 16.8% 
‘compared to unextruded control. 


Most minerals were less leached by the 
diets than by the control diets. P and K 
levels increased as the level of fish meal 
substitution increased, 


(CE) 


(28) 


The main problem with baked products is the change in 
color in comparison to control (without insects), specifically 
in crumbs, which shows different brownish intensities, but 
this issue does not interfere with dough fermentation, 
resulting in bread with acceptable volume and open crumbs, 
and it does not adversely affect the technical characteristics. 
Furthermore, sensorial analysis was satisfactory with a 
positive attitude of purchase (20). Besides research, several 
commercial initiatives have sprung around the use of insects 
as an alternative to traditional Western ingredients in 
bakery products. For example, Fazer—a Finnish bakery— 


started producing and selling bread with cricket flour in 11 
of its stores, with plans to expand throughout all its 47 
stores within a year (29). 

Another cereal-based staple product, a maize tortilla, has 
been enriched by replacing nixtamalized maize flour with 
6.5% of yellow mealworm larva flour (T. molitor) (21). 
Maize tortillas protein, fat, amount of essential amino acids, 
and polyunsaturated acids increased. Tortillas were darker 
than the control; consequently, a larva was dried to avoid 
darker color (Table 1). The supplemented tortilla had a 
pleasant taste, texture, and color. Additionally, cricket 
tortilla chips have been used in consumer preference 
studies, using commercial cricket flour (Six Foods LLC) and 
deep-fried cricket bits (30). The enrichment of wheat and 
maize flour with different insects to increase the proportions 
of protein and fat is feasible and convenient to prevent 
nutritional deficiencies in populations that have difficult 
access to protein-rich food. 

In contrast, snacks have evolved into an important 
component of the eating habits of the global population. 
Exo is a U.S.-based company producing commercially 
available cricket flour snack protein bars, which was 
recently acquired by Hult-prize winner Aspire Food Group, 
a producer of cricket and weevil flour (31). The most 
popular snacks are made primarily of maize and wheat. 
Recently, both maize and wheat ready-to-eat extruded 
snacks enriched with insects have been developed (17, 22). 
Nixtamalized maize flour (10.5% protein) enriched with 
grasshopper meal (Sphenarium purpurascens Ch.) (52.7% 
protein) was used to formulate a snack, using a single screw 
extruder (22). Increasing the proportion of grasshopper 
meal (0-40%) decreased the expansion index, hardness, and 
water absorption indexes, while increasing bulk density and 
total color difference (Table 1). Treatments with a lower 
proportion of grasshopper meals had higher overall 
acceptability. A consumer-acceptable extruded snack was 
obtained from a blend of 92% nixtamalized maize flour and 
8% grasshopper meal without affecting the physicochemical 
properties or acceptance of the snack. Likewise, yellow 
mealworm larvae (T. molitor) flour was used to replace 10 


and 20% of wheat flour in extruded cereal snacks (Table 1). 
Snacks enriched with 10% mealworm powder had a change 
in protein from 11.8 to 15.9% and lipid composition from 
0.9 to 3.5%. The use of a high barrel temperature and screw 
speed at 10% enrichment significantly improved expansion 
and pore structure, resulting in acceptable textural qualities. 
Snacks had poor expansion properties at 20% substitution 
due to the presence of larvae fat (5.4%), which reduced 
viscosity and mechanical energy. Mechanical forces 
generated during extrusion increased the digestibility of T. 
molitor proteins by 33% in those enriched at 10% 
mealworms (17). Similarly, snack cookies using wheat flour 
have been supplemented with palm weevil larvae flour (10- 
50%). Cookies containing 10% palm weevil larvae 
(Rhynchophorus phoenicis) flour had higher protein content 
(increased by 86%), fat (increased by 30%), and fiber 
(increased by 642%). There was no significant difference in 
the taste, appearance, texture, and overall acceptability of 
cookies made from 100% wheat flour and 10% palm weevil 
larvae substitution (23). 

In addition, insects are also rich in dietary relevant 
minerals, increasing their content on processed foods, for 
example, deep-fried wheat-maize snack buns enriched with 
5% of R. phoenicis larvae increased their protein, Ca, Mg, 
and Zn content by 20, 12, 32, and 88%, respectively. 
Sensory evaluation showed no significant differences in an 
aroma, flavor, taste, texture, and general acceptability 
against 100% wheat buns. The values of the dough swelling 
index, bulk density, and oil absorption capacity did not 
differ significantly (32, 33). Likewise, edible winged 
termites (Macrotermes subhylanus) have been used to 
substitute wheat flour by 5%. There was no significant 
difference in bun height and size between the buns with 0% 
and 5% termite concentrations, nor in scores for bun 
texture, aroma, taste, or overall consumer preference. The 
5% substitution resulted in a significant increase (p < 0.05) 
in protein (47.5%), iron (50%), riboflavin (53%), zinc 
(16%), and niacin (23%) contents (34). In this way, snacks 
are an ideal vehicle to introduce insects as ingredients to 
conventional preparations such as wheat and maize, 


increasing the nutrimental composition of these daily high- 
consumed products. As the food industry looks for 
alternative ingredients, cereal products can be processed 
with the inclusion of insect flour to enhance the nutritional 
quality of the product without affecting product quality 
characteristics nor compromising the technological 
properties of the products. 


Animal-Derived Protein Foods 


Insects have caught the interest of Western societies in 
recent years, particularly as an alternative source of animal 
protein. The low environmental cost of insect protein is one 
of its main advantages over other sources while offering 
technological advantages such as gel-forming ability, 
emulsion capacity, and water/oil absorption ability (35). 
Insect proteins have recently been used to partially replace 
meat in processed meat products while maintaining 
technological and nutritional properties (Table 1). For 
example, mealworm larvae (T. molitor) and silkworm pupae 
(Bombyx mori) flour were used to replace 10% of the lean 
pork in emulsion sausages (24). In comparison with the 
standard formulation (control sausage), insect treatments 
had higher protein and fat content (21 and 5%, 
respectively) and lower moisture (— 8%). Protein solubility 
slightly decreased from 17.36 mg/g to 16.82-16.93 mg/g, 
whereas sausage pH increased from 6.04 to 6.32-6.37. All 
emulsion sausages containing insect flour had an increased 
cooking yield (2%) and firmer texture than control sausage 
due to the decreased moisture. Moreover, the addition of 
mealworm larvae insect flour led to increases in 
cohesiveness and chewiness. The addition of insect flour 
increased the amounts of almost all minerals in emulsion 
sausages significantly (e.g., K, P, Ca, Zn, Mg, and Mn), 
especially Zn that increased 89%, Ca and Mg that doubled 
their amount, and Cu, which increased 6-fold; mealworm 
larvae flour also contributed to a 1.5-fold increase in Fe 
(24). Subsequently, cricket (A. domesticus) flour was added 
to meat emulsions in six treatments: lean meat (5%), fat 
(5%), lean meat (2.5%) + fat (2.5%), lean meat (10%), fat 
(10%), and lean meat (5%) + fat (5%) (11). As the 


replacement level increased, P, K, Mg, Zn, and Mn contents 
of meat emulsion were increased. Compared with the 
regular formulation (control emulsion), insect treatments 
had 18-48% higher protein content, and no significant 
differences were found in fat content or moisture. Emulsions 
pH, cooking yield and texture springiness, and cohesiveness 
had no significant differences among formulations, with 
only higher texture hardness in insect emulsions (11). This 
study represents a clear and real approximation of obtaining 
a product elaborated with an alternative source of protein 
with similar content of fat and moisture, enhancing protein 
and minerals content. 

In the same way, high-moisture extrusion was used to 
generate meat analog products, using a twin-screw extruder 
with Alphitobus diaperinus flour (60% protein dw). Extruding 
insect concentrate (ranging from 15 to 50% dry matter), soy 
concentrate, and water-produced fibrous meat analogs with 
meat-like hardness and protein composition. A mixture of 
40% A. diaperinus and 60% soy dry matter produced the 
best results (most similar to standard soy-based samples). 
The inclusion of soy fiber (5 or 10%) in samples with 40% 
water content improved cutting strength, resulting in 
parameters similar to chicken breast meat. The resulting 
meat analogs had a protein content between 25 and 31%. 
Increasing the concentration of insect protein powder (at 
170°C and 45% humidity) reduced the cutting strength in 
the samples. It has also been reported that increasing the 
insect content in the formulation resulted in lower texture 
lightness. Increasing water content in the samples resulted 
in increased protein solubility (25). Therefore, a 
combination of a vegetal and insect protein source is 
proposed to originate a meat analog. 

Nowadays, commercially available substitutes of animal 
protein include C-fu Foods, which is a company that 
produces a tofu-like “burger,” made entirely with mealworm 
protein, and containing as much protein (pound-for-pound) 
as an egg. This burger is also high in omega-3 (w-3) and w-6 
fatty acids. Another example of insects in animal-derived 
products includes casumarzu cheese, a sheep cheese found 
only in Sardinia, with a ripening period during which the 


cheese is allowed to be infested with Phiophilacasei eggs. 
Larvae derived from eggs feed on cheese, promoting 
chemical modification and conferring the typical 
organoleptic properties (36). In the future, insect proteins 
and fats could be used to assess the technical feasibility of 
an insect-derived cheese or an egg substitute. 


Animal Feed 

The livestock sector is under increasing strain to meet the 
rising demand for high-value animal protein, implying 
several feed supply problems, particularly feed protein 
supply issues (12). One solution to the expected scarcity of 
dietary protein for animal feeds may be to replace current 
protein resources with novel or alternative sources. In this 
context, insects have been proposed as a possible source of 
animal feed protein. 

Hermetia illucens larvae and prepupae replaced 25% of 
wheat in experimental extruded feeds (12). A co rotating, 
conical twin-screw mini extruder was used to extrude five 
mixtures, four with prepupae + four levels of added fat (O- 
22.5%) and one with larvae without added fat. Blends were 
homogeneous for moisture (24%) and crude protein [11% 
wet basis (wb)]. The two lowest fat mixtures (3.1-3.9%) 
were considered not extrudable (net torque value >100 
Ncm). The net torque value was reduced significantly (up to 
four times) to an acceptable level for extrusion by 
increasing the fat content from 3.9 to 4.6% wb. The 
extrusion process increased in vitro organic matter 
digestibility by 16.8% compared with unextruded controls 
(Table 1). The highest fat mixtures, prepupae: wheat, 25:75 
(high oil added) (5.3% fat) and larvae: wheat, 25:75 (no oil 
added), produced the best comparable extrusion 
performance (4.6% fat). 

Moreover, H. illucens larvae have also been used to study 
the effect on minerals content of substituting a fish meal 
with insect meal in extruded fish feeds (37). In that study, 
Black soldier fly larvae meal (H. illucens) and adult cricket 
(A. domesticus) meal substituted fish meal on four levels (0, 
25, 50, and 75%) (28). The results revealed a significant 
increase in K and P levels as the level of fish meal 


substitution increased from 0 to 75%. Nevertheless, as the 
level of fish meal substitution increased, Fe and sodium 
(Na) levels decreased significantly (Table 1). Mg content 
increased with an increasing substitution level of H. illucens 
meal but decreased with an increasing substitution level of 
A. domesticus meal. Cu, Zn, and Mn concentrations were 
unaffected by fish meal substitution levels. Diets with no 
substitution had a higher leaching effect for most minerals 
than diets with 75% insect meals substituted. In fish feeds, 
insect meal can be used to replace up to 75% of the fish 
meal while supplying adequate quantities of minerals. 
Feeding fish trials revealed that T. molitor meal could be 
used in place of fish meal in feeds without compromising 
growth performance as no detrimental effects on growth 
performance were found (37, 38). Additionally, some filet 
quality parameters, such as water-holding capacity and 
texture characteristics, showed no significant differences 
(hardness, cohesiveness, resilience, gumminess, and 
adhesiveness). 


Other Insect-Based Food Products 


Given its high-protein content, insects could be used as an 
alternative raw material for high-protein quality foods in 
the future. In order for insect proteins to be used as edible 
food (e.g., sauces, beverages, spreads, and protein powders 
to gain muscles), processing technologies must be developed 
to make the insect industry economically competitive (3). 
Honey enriched with soldier termites (Syntermes soldiers) 
flour was used to develop a nutritive spread (9). Spreads 
enriched with 8% soldier termite flour and pan fried at 
100°C had good nutritional and sensory properties (Table 
1). Product color and spreadability were rated high. Protein 
increased from 0.4% of honey to 5.5%, and Zn and Fe 
solubility increased to 27.1 and 42.8%, respectively, with 
contents of 3.80 mg/100 g and 1.75 mg/g, respectively. In 
the same way, insect tea, which is produced using insect 
feces fed from tea leaves, is a traditional drink that ethnic 
minorities in the southwest of China have long consumed. 
Compared with tea leaves, insect tea had a significantly 
higher level of total amino acids. The insect tea also had 


higher levels of essential amino acids for humans such as 
threonine (2.4-fold), valine (3-fold), and phenylalanine (2.3- 
fold). Isoleucine content in insect tea was 0.077 mg/100 g 
and was not detected in tea leaves. When compared with 
raw tea, insect tea had higher levels of glutamate, arginine, 
and proline (27). 

Likewise, using T. molitor larvae and the soy sauce 
fermentation process, a liquid-fermented seasoning was 
created (Table 1). Six sauce samples, including T. molitor 
larvae, defatted larvae, and soybeans at two different ratios 
(60 or 80% protein source) were fermented for 20 days. 
Browning increased as fermentation progressed in the soy 
and raw insect sauces. The browning of defatted insect 
sauce increased but then decreased dramatically on day 20 
(Table 1). There was no significant difference in pH 
between samples. The 60% ratio sauces showed greater 
amino nitrogen content (0.26—-0.32% on day 20) than did 
the 80% ratio sauces, indicating more effective protein 
deterioration. The concentrations of essential and non- 
essential amino acids, as well as amino acid derivatives, 
increased by 1.5-2 times during the fermentation process. 
The raw 60% insect sauce contained the most total free 
amino acids (510.42 mg/kg). A soy analog insect sauce was 
technically feasible (26). Defatted insects can be used as 
raw materials to produce high-protein foods, and the fats 
obtained from the defatting process could be used to 
generate fat-based food products, such as mayonnaise. 

Furthermore, insects have also been used in world- 
renowned restaurants. Pujol, a famous restaurant in Mexico 
City, offers mayonnaise flavored with a Chicatana ant (Atta 
Mexicana), traditionally used to prepare sauces in the 
Oaxaca region. As well, many local products using dried 
insects as ingredients can be found, such as salt, sauces, 
mayonnaise, chili powders, and others. Moreover, for the 
prototyping process, the powder was combined with other 
food products such as chocolate, icing butter, cream cheese, 
and spices, such as cinnamon, ginger, and dried chilies to 
obtain 3D print insect-enriched food (4). 3D printing is a 
novel processing technology to enhance insect-based food 
appearance and to improve acceptability. Different types of 


food products can be enriched with insect-derived 
ingredients in order to increase their nutrimental benefits. 


Insects: Source of Bioactive Compounds 


In addition to nutritional benefits, some studies show that 
insects provide numerous health benefits via bioactive 
compounds. Bioactive compounds are found in both plant 
and animal products. Bioactive substances found naturally 
in food provide health benefits in addition to the basic 
nutritional value of the products. Bioactive compounds are 
food ingredients that have an effect on the physiological or 
cellular activities of the animals or humans who consume 
them (39). The bioactivity of the compounds can range from 
being an antioxidant compound, cardioprotective, 
antimicrobial, antifungal, anti-inflammatory, and antitumor, 
among others (16, 40-45). In Table 2, different bioactive 
compounds that have been identified in insects are 
presented. 


Table 2. Bioactive compounds from insects and their biological activity. 


Insect Bioactive compound Biological activity References 


Cricket (Acheta domesticus) 


Holotrichia paralfela Motschulsky 


Insect Bioactive compound Biological activity References 


Cricket (Acheta domesticus) Aqueous extract In the FRAP and ORAC assays, the antioxidant capacity was (40) 
9,285 mM ascorbic acid equivalonts/g dw and 296 1.M trolox 
equivalents (TEV/g dw, respectively. 


Holotrichia paratela Motschulsky Aqueous and ethanolic ing activity and inhibition of lipid peroxidation. (49) 
extracts Metal-chelating activity and antioxidant in the scavenging of DPPH 
radicals. 
Lucanid beetle (Serrognathus platymetus Methanolic extracts Scavenging effects on ABTS**, Scavening effects followed the order an 
castanicoior Motechulsky) pupae, adult, and larvae having pupae stage extracts enhanced 
antioxidant 


Bush cricket (Brachytrypes orientalis) Aqueous extrac In high gluce ls, (48) 
Gl 


Tenebrio mofitor larvae Extract In mice, it reguletes food intake and body weight by inhibiting the (49) 
expression of the orexigenic neuropeptides neuropeptide Y and 
agouti-related protein via hypothalamic mTOR and MAPK signaling 


pathvrays. 

Cricket (Gryliodes sigilatus) Protein hydrolysate Glycemie control-inhibit dipepticyl pepticase IV (OPP-IV), which is (60, 51) 
involved in the regulation of insulin secretion and glycemia. 

Amphiacusta annulves Protein hydrolysate ——_Antiradicel activity against OPPH, Fe chelation ability and reducing (19) 
power 

Zophobas morio Protein hydrolysate Antiradical activity against ABTS* 

Locusta migratoria Protein hydrolysate Ability to chelate Cu? 

Locust (Schistocerca gregaria) Protein hydrolysate _Ant-inflammatory activities —inhibits lipoxygenase (62) 


Silkworm Pupae (Bombyx mor) Protein hydrolysate SGC-7901 inhibits proliferation and induces abnormal morphologic (63) 
features in human gastric cancer cells in a dose- and time-dependent 
manner, as well as inducing ritochondria-dependent apoptosis and 
call-cyole arrest in $ phase. 


Sarcophaga camaria Fatty acids (short Antifungal and antimicrobial activity 64) 
chain, unsaturated and 
polyunsaturatec) 

Pyrthocoris apterus Phospholipids Lowering liver pic levels has the potential to interfere with sterol (65, 56) 


absorption in the intestinal lumen. They stimulate bilo acic! and 
cholesterol secretion and have the abilty to raise plasma HDL levels, 


Ericerus pela Policosancis Reduce lipid levels in the blood and platelot aggregation. Reduce (14, 87-£0) 
cholesterol by inhibiting endogenous cholesterol biosynthesss through 
om thy-glutaryl Com 
Linden bug (Pyrrhocoris apterus) Phytosterols (B Phytosterols are hypocholesterolemic and prevent cardiovascular (19, 61-63) 
-sitosterol and cfsease by inhibiting lipid peroxidation in human low-density 
campestero) lipoproteins. 
T. motor larvae, Oedsleus decorus, and Hermetia Dietetic fer Reduced risk of coronary heart dsease, stroke, hypertension, (08, 64-87) 
iucens clabotes, cbesty, and some gastrointestinal diseases. Lowers blood 


pressure and serum cholesterol levels, improves gastrontestinal 
function, and protects against constipation, diverticulosis, colon 


tamus barbarous, Mayfies (order Chit 


binding dietary lipids. Lipid absorption in the intestine is reduced 


Mayilies (order Ejpherneroptera} Chitosan Antitumor activity in HeLa cells (cervical cancer), and inhibitory activity (41, 45) 
‘0n A649 (lung) and WiDr (colon) cancer cells 
ulus terrestris, C. barbarus and O. decarus Chitosan Antimicrobial activities for common human pathogen (2.9., (21,65) 


‘Staphylococcus aureus, E. aerogenes, S. epidermidis vt, B. subiits, 
S. typhimurium, C. albicans and P. aeruginosa) and yeast (Candida 
albicans) 


Antioxidant agents can slow oxidation in foods, quench 
metabolically generated reactive oxygen species (ROS), 
protect against ROS damage, and lower the risk of chronic 
disease in humans (46). One of the most studied edible 
insects is A. domesticus. Antioxidant capacity from an 
aqueous extract of A. domesticus flour has been measured by 
FRAP (ferric reducing ability, based in single electron 
transfer) and ORAC (oxygen radical absorbance capacity, 
based in hydrogen atom transfer) assays. A. domesticus 
extracts antioxidant capacity (Table 2) was 9,285-mM 
ascorbic acid equivalents/g dw and 296-um_ Trolox 
equivalents (TE)/g dw in the FRAP and ORAC assay, 
respectively (40); similar to blueberries (240 um TE/g dw) 
(69), widely recognized as antioxidants. Likewise, extracts 
of the adult black chafer beetle Holotrichia parallela 
Motschulsky (eaten in China and Southeast Asia) with 
antioxidant activity have been reported (46). Metal- 
chelating activity and inhibition of lipid peroxidation were 
demonstrated by ethanolic extract. Water extract 


outperformed butylated hydroxytoluene (BHT) antioxidant 
(EC50: 3.51 mg/ml) in the scavenging of 2,2-diphenyl-1- 
picrylhydrazyl (DPPH) radicals (EC59: 1.45 mg/ml) (Table 
2). Catechin (7.66 + 0.05 mg/g extract) was identified in 
the ethanolic extract, that it could be derived from the 
cuticles of the insect species or from the plants that the 
insects consume. 

Although beetles are eaten in the adult stage, the lucanid 
beetle (Serrognathus platymelus castanicolor Motschulsky) 
antioxidant activity has been studied in different growth 
stages (47). It was found that the pupae stage methanolic 
extracts had higher antioxidant activity than adults or 
larvae. The scavenging effects of various extracts on the 
ABTS:+ followed the order pupae, adult, and larvae (Table 
2) and were 79.6, 53.3, and 22.9%, respectively (47). The 
same order was followed in the quenching effect on the 
singlet oxygen: pupae, adult, and larvae with values of 95.3, 
50.8, and 14.5%, respectively (47). Insects could be used as 
a nutraceutical to treat oxidative stress-related diseases, as 
well as natural antioxidant additives in the food industry. 

Bush crickets Brachytrupes orientalis is a common edible 
insect species consumed by various tribes in North East 
India. In high-glucose-treated cells, using a C2C12 mouse 
myoblast cell model, aqueous extract of B. orientalis 
supplementation can inhibit ROS and increase glucose 
metabolism via upregulation of AMP-activated protein 
kinase (AMPK) phosphorylation and glucose transporter 
type 4 (GLUT4) expression (Table 2) (48). Similarly, 
Allomyrina dichotoma larvae administered to mice in a high- 
fat diet prevent an increase in body weight [22.4% lower 
compared with mice fed only high-fat diet (HFD)] and 
organ weight, particularly epididymal adipose tissue weight 
(70). Moreover, serum triglyceride and leptin were reduced 
in mice fed with HFD plus a 3,000-mg/kg days of A. 
dichotoma larvae (70). Likewise, T. molitor larvae extract 
administrated intracerebroventricular to mice in HFD 
regulates food intake and body weight by suppressing the 
modulation of hypothalamic mammalian Target of 
Rapamycin (mTOR) and mitogen-activated protein kinase 
(MAPK), signaling pathways to increase the expression of 


orexigenic neuropeptide Y and agouti-related protein (Table 
2) (49). 

Insect tea, produced using insect feces, is a traditional 
ethnic drink in southwest China. Insect larvae feed on 
leaves, excreting insect feces particles. Insect tea was 
produced from Kuding tea leaves. Insect tea polyphenol-rich 
extract was administered to Kunming mice (200 mg/kg). 
Mice showed higher superoxide dismutase, glutathione 
peroxidase, and glutathione activities while having lower 
levels of nitric oxide, and malonaldehyde activities than 
Kuding tea polyphenol-rich extract (71). In addition, 100 
mg/kg of insect tea reduces the acute gastric injury caused 
by hydrochloric acid and ethanol in mice (27). With insect 
tea treatment, the level of inhibition of gastric ulcer area 
was 72%. Treatment with insect tea significantly increased 
vasoactive intestinal peptide and somatostatin, and 
significantly decreased motilin, and endothelin levels in the 
serum; thus, insect tea can be used as a functional food. 
Insects have been underutilized as potential sources of 
natural antioxidants and a source of bioactive compounds. 
They have numerous health benefits and can be developed 
into nutritious foods. 


Bioactive Peptides 
The protein content of insects is extremely high, reaching 
around 60% in many species; for example, locusts, 
grasshoppers, and crickets can have up to 77% protein 
content (dw) (17). This is one of the reasons why there has 
been interest in them as food in recent years. Its proteins, 
apart from giving nutrients and essential amino acids to 
those who consume them, also provide bioactive peptides. 
Recently, reviews have been published on_ bioactive 
peptides obtained from edible insects (72); but given their 
importance, the most recent research is reviewed below. 
Protein hydrolysates from Gryllodes sigillatus (crickets) 
can inhibit dipeptidyl peptidase IV (DPP-IV), which is 
involved in the regulation of insulin secretion and glycemia 
(Table 2), conferring G. sigillatus protein hydrolysates, a 
potential role in glycemic management (50, 51). Protein 
hydrolysates inhibited an angiotensin-converting enzyme; 


which helps to relax blood vessels and treat a variety of 
conditions, such as scleroderma, high blood pressure, and 
migraines (50). 

Among these applications, the medicinal properties of 
edible insects are primarily derived from the extraction and 
development of antibody peptides. Current research and 
development status of antimicrobial peptides include 
Intrabiotics Pharmaceuticals with a peptide IB-367 
(Iseganan) Protegrin analog to treat mucositis in phase III, 
Entomed SA with peptide Heliomycin with antifungal 
applications in the preclinical stage, and Demegen with 
P-113 histatin analog peptide with gingivitis application in 
phase II (73). 

Edible insects are a good source of peptides that have 
antiradical activity as well as the ability to chelate metal 
ions and inhibit reducing power (50, 52). Edible insects 
have higher antioxidant activity after simulated gastric 
digestion than some protein hydrolysates derived from 
plants or other animal products. Amphiacusta annulipes had 
the highest antiradical activity against DPPH (19.1 g/ml), 
while Zophobas morio had the highest antiradical activity 
(4.6 g/ml) against ABTS [2,2'-azino-bis(3- 
ethylbenzothiazoline-6-sulfonic — acid)], a chemical 
compound used to determine antioxidant capacity. A. 
annulipes peptides also had the highest Fe2+ chelation ability 
(58.8%) and reducing power (0.652) (Table 2). Locusta 
migratoria had the greatest ability to chelate Cu2+ (86.1%). 
The locust had the highest peptide concentrations before 
and after digestion (3.13 and 5.88 mg/ml, respectively), and 
the degree of hydrolysis (DH) was 36.3% (52). Consumption 
of edible insects may be beneficial to the health of human 
body. 

Subsequently, it was discovered that edible insects are a 
good source of peptides with anti-inflammatory properties. 
Schistocerca gregaria (locust) protein hydrolysate inhibits 
lipoxygenase [half-maximal inhibitory concentration (IC50) 
value 0.65 mg/ml] (Table 2). Generally, the best anti- 
inflammatory activity [inhibitory activity of lypoxigenase 
(LOX) and cyclooxygenase (COX)] was found in the peptides 
and hydrolysates obtained after digestion of the insect 


proteins rather than in raw insects (16). 

Silkworm pupae (B. mori) are widely consumed in China. 
In a dose- and time-dependent manner, protein hydrolysates 
from B. mori can specifically inhibit cancer cell proliferation 
and induce abnormal morphologic features in human gastric 
cancer cells (SGC-7901) (Table 2). Silkworm pupa protein 
hydrolysates cause a mitochondria-dependent apoptosis and 
cause the cell cycle to stop in the synthesis (S) phase. 
Peptides extracted from silkworm pupae had the potential 
to be used for the therapeutic management of gastric cancer 
in the future (53). Insect proteins are not only valuable for 
their nutritional value but for their proven therapeutic 
effect. 


Lipids 

Lipids, after proteins, are the most important compounds of 
edible insects. The insect Encosternum delegorguei is 
consumed as human food in Zimbabwe and has a high fat 
content of 50.6% edible weight (3). Likewise, eaten in 
Zimbabwe, the fat content of the mopane caterpillar 
(Gonimbrasia belina) is 16-20%, with essential fatty acids 
accounting for 40% (3). Essential fatty acids, such as 
linoleic acid, are particularly abundant in the African 
aboveground hill termite species, Macrotermes subhyalinus 
(43%), and Macrotermes bellicosus (34%) (3). There is 
increasing awareness of the role of polyunsaturated acids 
(PUFA) as food supplements in the human diet and in the 
prevention of different diseases [e.g., linolenic fatty acids 
(w-3) exert healthy effects in the care of cardiovascular 
diseases] (74). Insects may play a significant role in 
supplying these essential fatty acids; the composition of 
unsaturated w-3 and w-6 fatty acids in mealworms is 
comparable with that in fish (3). It has also been found that 
lipids from Blaptica dubia, T. molitor, A. domesticus, and A. 
diaperinus contain w-3 and w-6 fatty acids (75). 

Insect feeding can change the nutritive values of insect 
fats. The addition of flaxseed in Galleria mellonella feed 
increases w-3 fatty acid content from 2 to 14.8% and w-6 
fatty acid values from 9.9 to 12.6% in G. mellonella larvae. 
Larvae fed showed a w-6/ w-3 ratio optimal for human 


health and total PUFA incremented from 9.5 to 25.5% (74). 
Moreover, the use of insect fatty acid desaturases modifying 
saturated fats to PUFA could be foreseen (76). 

Apart from containing essential fatty acids and PUFA, 
and exert healthy effects, it has been demonstrated that 
fatty acids, as components of insect cuticular lipids, play an 
important role in fungal infection resistance. Fatty acids 
from Sarcophaga carnaria were tested vs. entomopathogenic 
fungi: Paecilomyces fumosoroseus, Paecilomyces lilacinus, 
Lecanicillium lecanii, Beauveria bassiana, and Metarhizium 
anisopliae. The antimicrobial activity of fatty acids varied, 
depending on the length of the chain and the presence of 
unsaturated bonds. Short chain and unsaturated fatty acids 
(6:0, 11:0, and 13:0) have significantly higher antifungal 
activity, whereas PUFA inhibit fungal growth more 
effectively than unsaturated long chain fatty acids (Table 2) 
(54). 

Not only insect lipids are constituted of triacylglycerols, 
but also phospholipids, sterols, waxes, glycolipids, among 
others. Triacylglycerols account for approximately 80% of 
the lipid content. Phospholipids, the second most important 
lipid class, play an important role in membrane cell 
structure. The phospholipid (PL) content of crude fat is 
typically <20% (75). Like triglycerides, the backbone of 
phosphoglycerides is glycerol, but only the primary and 
secondary glycerol alcohol residues are esterified to fatty 
acids; the third site is esterified to a phosphate group, which 
is then linked to an inositol (PI), choline (PC), ethanolamine 
(PE), glycerol head (PG), or serine (PS) (77). Pyrrhocoris 
apterus analyses revealed that PLs with the PC and PE head 
groups accounted for more than 80% of total PLs in P. 
apterus, while the less-abundant PLs had the sphingomyelin 
(SM), PI, PS, and cardiolipin (CL) head groups (56). 
Phospholipids are beneficial to human health. The majority 
of the studies found that dietary supplementation has a 
positive impact on a variety of diseases, including coronary 
heart disease, inflammation, and cancer (78). Moreover, 
phospholipids lower liver lipid levels and can inhibit sterol 
absorption in the intestinal lumen. Phospholipids increase 
plasma high-density lipoprotein (HDL) levels by stimulating 


bile acid and cholesterol secretion (55). Phospholipid 
isolates have the potential to be used as hepatoprotective 
nutraceuticals. Predominantly, phosphatidyl choline or 
lecithin aids in the proper functioning of the liver and the 
transport of lipids and its deficiency is linked to an 
increased risk of hepatic cancer (19). Lecithin and choline 
reduce the risk of cardiovascular disease and improve brain 
and mental development in both fetuses and infants, and 
their chronic deficiency may be linked to Alzheimer's 
disease. Choline, which is released from lecithin during 
metabolism, is one of the most important neurotransmitters 
and is commonly supplemented in geriatrics to maintain 
proper brain function (19). 

Policosanols are a combination of long-chained aliphatic 
primary alcohols, primarily docosanol (22:0), hexacosanol 
(26:0), octacosanol (28:0), triacontanol (30:0), and 
dotriacontanol (32:0) (79). Their importance in human 
health stems from their demonstrated efficacy in 
physiological activities such as lowering serum lipid levels 
and platelet aggregation (57), lowering total blood and 
plasma _ cholesterol [via enzyme  3-hydroxy-3-methy]l- 
glutaryl CoA (HMG-CoA) reductase activity (14, 58)], low- 
density lipoprotein (LDL)-cholesterol and insulin resistance 
(19, 80), and improving mood state (81) (Table 2). 

Chinese Insect Wax is a natural white wax secreted by 
male Ericerus pela larvae. The main chemical components of 
the wax are esters formed by monoacids such as 
octacosanoic acid, hexacosanoic acid, tetracosanoic acid, 
triacosanoic acid, and monohydric alcohols such as 
octacosanol, hexacosanol, tetracosanol, triacosanol, among 
others, accounting for 93-95% of the total esters amount 
(59). In recent years, insect wax has emerged as an 
important material for the production of policosanols with 
high yields (723.84 mg/g) and median lethal dose (LD59) 
values for both insect wax and policosanol exceeding 5 g/kg 
(60), making them potential candidates as supplements in 
foods. 

Phytosterols (C28 or C29 sterols and stanols) are natural 
components of plant membranes. Insects are unable to 
synthesize sterols from isoprenoid precursors, so they must 


be obtained from dietary sources (13). Phytosterols compete 
for cholesterol absorption and prevent from cardiovascular 
diseases. Sterols (2 g) inhibit the absorption of cholesterol 
from the small intestine, lowering total blood cholesterol by 
5-20% and decrease oxidized LDL by 10-15% and 
apolipoprotein B (19, 61, 62). Phytosterols inhibit several 
pro-inflammatory mediators through the inhibition of the 
nuclear factor kappa-light-chain enhancer of the activated B 
cells (NF-kB) pathway (82). 

In linden bug fat, P. apterus, f-sitosterol, and 
campesterol (Table 2); two phytosterols derived from plant 
food; and two isomers of tocopherol (vitamin E) were found 
(63). Seasonal patterns of sterol and_ tocopherol 
concentrations were discovered with a minimum in 
reproductively active insects in the summer and a maximum 
in diapausing insects in the winter. In addition, lipids were 
high in campesterol and f-sitosterol, two phytosterols 
derived from their food (seeds) (63). 

An African desert locust could be used as an unusual 
source of dietary and therapeutic sterols. Thirty-four sterols 
were identified in S. gregaria lipids [e.g., desmosterol, 7- 
dehydrocholesterol, (38, 5a) cholesta-8, fucosterol]. Three 
sterol derivatives were found in the gut of the locust after 
consuming a plant-based diet but were not detected in the 
diet. The desert locust ingests phytosterols and amplifies 
and metabolizes them into derivatives with potential health 
benefits (13). Insect lipids contain fat-soluble nutrients as 
well as bioactive molecules that can help with diseases like 
coronary heart disease, cancer, and inflammation. Bioactive- 
derived insect lipids should be used to design foods for 
improved health. 


Chitin 

Insects contain significant amounts of fiber. Chitin, an 
insoluble fiber derived from the exoskeleton, is the most 
common type of fiber in insects (3). Chitin is a linear 
polysaccharide, consisting of N-acetyl-D-glucosamine 
residues and accounts for about 10% of the whole dried 
insect (5, 44). Mayflies (order Ephemeroptera) bodies had 
10.2% chitin content, T. molitor larvae, and Oedaleus decorus 


grasshoppers, 16%, and H. illucens and Calliptamus barbarus 
grasshoppers, 20% (45, 64, 65). Chitin content varies 
between edible insect forms, as seen in Dendrolimus houi 
Lajonquiere pupa (7.4%) and adults (17.8%) (83). 

Chitin acts like a dietetic fiber, even though is partially 
digestible by humans by chitinase [acidic mammalian 
chitinase (AMCase)] found in gastric juices (3, 68). The 
intake of dietary fiber provides many health benefits. People 
who consume a lot of fiber appear to have a lower risk of 
developing coronary heart disease, hypertension, stroke, 
obesity, diabetes, and gastrointestinal diseases. Increased 
fiber consumption lowers blood pressure and serum 
cholesterol levels, improves gastrointestinal function, and 
protects against constipation, diverticulosis, hemorrhoids, 
and colon cancer (66, 67). Chitin and chitosan can bind 
dietary lipids, lowering plasma cholesterol and triglycerides. 
As a result, lipid absorption in the intestine is reduced (83). 

Chitin and chitosan (produced by deacetylation of 
chitin) have sparked the interest of researchers due to their 
biological activity, which includes immune-boosting 
properties, antimicrobial and antifungal effects, anti- 
inflammatory effects, and antitumor and antioxidant 
activity (41, 43-45, 65, 84). For example, chitin fragments 
of <40 um have anti-inflammatory properties, inducing the 
release of interleukin (IL)-10 and regulating the chronicity 
and intensity of local inflammation (Table 2) (43). 
Grasshoppers O. decorus and C. barbarus chitin antioxidant 
capacities were evaluated, using the free radical scavenging 
activity (DPPH). The IC59 values for C. barbarus and O. 
decorus chitins were 10.68 and 10.91 mg/ml, respectively, 
which were higher than the value for BHT:0.04 mg/ml (65). 
Moreover, chitosan antitumor activity tests were conducted 
in HeLa cells (cervical cancer), low cytotoxicity, and high 
antiproliferative activity was observed at 500 ug/ml and 
Mayfly (order Ephemeroptera) chitosans (250 ug/ml) 
exhibited significant inhibitory activity on lung and colon 
cancer cells (Table 2) (41, 45). 

The antimicrobial activity of Julus terrestris chitosan was 
tested on 12 microorganisms, with the most inhibition (15.6 
mm) for the common human pathogen Staphylococcus aureus 


and lowest activity against Klebsiella pneumoniae (Table 2); 
other microorganisms in which a chitosan has antimicrobial 
activities include Enterobacter aerogenes, Staphylococcus 
epidermidis wt, Bacillus subtilis, Salmonella typhimurium, 
Candida albicans, and Pseudomonas aeruginosa (41). 
Likewise, a chitosan obtained from C. barbarus and O. 
decorus exhibited potent antimicrobial activity against 
pathogenic microorganisms: B. subtilis, Listeria 
monocytogenes, Yersinia enterocolitica, and Salmonella 
enteritidis, and one type of yeast (C. albicans) (65). Likewise, 
antifungal chitosans were active (25 mg/ml) on three tested 
fungi (Alternaria solani, Botrytis cinerea, and Aspergillus niger) 
(44). 

Because of a chitosan's excellent properties, such as 
adsorption, film formation, and antimicrobial properties, 
the chitin is used in food preservation (44). The chitin has 
an anti-inflammatory effect on the immune system. By 
feeding insects to poultry, the use of antibiotics of the 
industry, which may lead to human infection with drug- 
resistant bacterial strains, may be reduced (84). 


Effect of Processing in Its Different Applications 


Nutritive and bioactive components of insects can change 
due to pH, oxygen, light, and temperature or combinations 
of these during food processing. The effect of diverse 
cooking methods (panfrying, boiling, oven cooking, and 
vacuum cooking) on the nutrients of mealworms (T. molitor 
L.) has been investigated as the heating process could have 
deleterious effects on protein and lipid quality (15). Boiling 
and cooking under a vacuum maintained high protein levels 
(43%) and fatty acids (polyunsaturated) (30%) of raw 
mealworms (Table 3). Except for pan-fried mealworms, 
which had the highest lipid content (65%) and the lowest 
protein content (27%), cooking method-related changes had 
very little effect on macronutrient content. Cooking slightly 
altered the fatty acid composition of mealworms, primarily 
by decreasing their level of saturated fatty acids, but it also 
increased mealworms in vitro crude protein digestibility. 
Proteins extracted from raw and fried mealworms were less 
digestible than proteins extracted from all other treatments. 


Table 3. Effect of processing insects on their different applications. 


Insect Treatment References 


Baked at 180 °C for 30min (40) 


Frozen (0-20 cays, -18°C) and refrigerated 
enicis) (0-7 days, 4°). 


(85) 


‘Smoked (6h), sun (6 days) and oven dred 
(60°C, 48h] 


ile (10min, 135°C), and 
min, 95°C), 


and isoelectric precipitation 


Mealworms (Tenebrio 
molitor L.) 


Mealworms (I; mofitor L.) 


at 
Mealworms (T; molitor L.) Baked at 150°C for 10min and boiled at 100°C In 
for 10min. e 


Locust (Schistocerca 
gregaria) eatest 02.57 ng/mL} and licoxygenase 
activity (IC59'3.13 pg/mL and 


and cy 

5.05 ug/ml, respoctively) 

Cricket (Gryliodes sigiatus) Baked cricket hyd 

against DPPH (IC 

Cricket (Grylodes sigilatus) _Alcalase hydrolysis [50 °C, 0.5-2% (w/w) and When compared 
30-90 min]. 


hydrolyzed cricket pi 
fed, with >3 


Locust (Locusta migratoria) Enzyme hydrolysis (50°C and pH 8.0). 


Likewise, lipid stability of African-consumed R. phoenicis 
larvae was evaluated at different periods of freezing (0-90 
days) and refrigeration (0-7 days) storage conditions, 
dehydration treatments (smoke, sun, and oven dried), and 
cooking methods (boiled, grilled, and deep roasted) (Table 
3) (85). The lipid oxidation of larvae was increased by 
boiling, sun drying, and roasting. The acidity of the oil was 
increased by boiling, refrigeration for 3 or more days, 
freezing, sun drying, and electrical drying. Culinary and 
dehydration methods significantly increased the peroxide 
value, especially when dehydration was followed by boiling. 
Cold storage (refrigeration for <3 days or freezing for less 
than a month) and smoking were discovered to be the best 
methods for lipid preservation. 

The effect of heat processing on the biological activities 
(antioxidant and anti-inflammatory) of bioactive peptides of 
edible locusts (S. gregaria), mealworms (T. molitor), and 
crickets (G. sigillatus) was also evaluated (52). Each species 
of insects was boiled or baked, their peptides were 
extracted, and their biological activities were tested (Table 
3). In boiled and baked mealworms, there were 33 and 13% 
more peptides, respectively, than in their raw counterparts. 
The effect of temperature on the bioactivities of the peptides 


depends on a combination of the type of process, type of an 
insect, and a bioactivity assay. A peptide fraction from 
baked cricket G. sigillatus hydrolysate demonstrated the 
highest antiradical activity against DPPH (IC59: 10.9 ug/ 
ml). The peptides derived from boiled locust S. gregaria 
hydrolysate demonstrated the greatest Fe2+chelation ability 
(IC59: 2.57 ug/ml). The most potent lipoxygenase and 
cyclooxygenase-2 inhibitory activity (IC509: 3.13 and 5.05 
ug/ml, respectively) were found in the peptide fraction of a 
protein preparation from the locust S. gregaria. Moreover, 
thermal processing of cricket (A. domesticus) flour (cooked 
and baked) had a significantly (p < 0.05) improved 
antioxidant activity (Table 3); this could be due to 
conformational changes in cricket proteins, exposing 
proton-donating residues, specifically cysteine (40). Baking 
increased the gastric proteolysis and bioaccessibility of 
cricket proteins (40). 

Not only the insects, either whole or in flour, can be 
consumed but they also can be processed to generate other 
ingredients, such as protein isolates suitable for the 
development of new food formulations, and potentially 
substitute conventional proteins used in food/feed 
formulations. Processes to generate protein isolates of 
insects may include centrifugal fractionation, pH protein 
solubilization, salt solubilization, enzyme hydrolysis, and 
temperature (35, 86-88). The effect of extraction 
procedures for recovering insect protein on _ techno- 
functional and compositional properties has been 
investigated. T. molitor protein content ranges around 39% 
and concentrates obtained from this insect had a final 
protein content of 60% (89). The processability of T. molitor 
larvae was limited (Table 3) by its high-fat content (86). T. 
molitor protein concentration increased by 11 and 15%, 
respectively, after defatting and isoelectric precipitation 
(86). 

L. migratoria protein content ranges around 66%, and 
concentrates obtained from this insect had a final protein 
content of 82%, showing maximum solubility at pH 9 
(100%) (87). The protein solubility of enzyme hydrolysates 
was increased over a wide pH range, from 10-22% to 100% 


at alkaline conditions (pH 9) (87, 88). In terms of 
emulsifying activity at pH 5, foamability at pH 3 and 3% 
sodium chloride (NaCl), and foam stability at pH 9, L. 
migratoria proteins performed similarly to egg white protein 
(87). When compared with raw L. migratoria proteins, 
hydrolysis resulted in increased emulsifying activity at pH 7 
(54%), improved foamability at pH 3 (326%), and advanced 
oil-binding capacity (88). 

Whole crickets (G. sigillatus) were hydrolyzed with 
alcalase and outperformed unhydrolyzed cricket protein in 
emulsifying and foaming properties (Table 3) (35). When 
compared with the control, protein solubility of 
hydrolysates improved, with >30% soluble protein at pH 3 
and 7 and 50-90% at alkaline pH; hydrolyzed protein of 
crickets can be introduced in acidic food systems (e.g., 
sports drinks) (35). Foamability ranged from 100 to 155% 
with high foaming capacity and foam stability (99%, 92%) 
(35, 90). G. sigillatus protein concentrate had noticeable 
water and oil-holding capacity (3.33 g/g) (90). Future 
research should focus on developing processes to isolate and 
recover a proteic, a lipidic and a fibrous fraction to be used 
in food formulations. 


ADOPTION OF INSECT-BASED FOOD 
BARRIERS 


Consumer Perception of Entomophagy 

The consumption of insect-based foods is a complex 
situation powered by several factors mainly because insects 
are not, for many people, traditional ingredients of the diet. 
In one part, insect-based products are commercialized as 
gourmet products directed to a specific market of persons 
that are ready to or may be interested in consuming these 
exotic products. These persons are looking for different 
flavors in their meals with the additional advantage but not 
the main one of having an enhanced nutrimental product. 
On the other side, there are some countries where insects 
are already directly consumed by persons as another choice 
of a protein source, mainly due to the limited access to 


high-protein content food. Then, some insect-based products 
are developed in order to improve protein composition on 
conventional highly consumed products and are directed to 
persons that could present some nutritional deficiency. On 
another side, there is a growing interest in the consumption 
of insect-based foods as a result of the growing demand for 
alternative protein sources. Considering the high content of 
protein of insects and their low environmental impact, it 
results in a very attractive option directed mainly to 
western societies of developed countries where insects are 
not actual options in their consumption in the human diet. 
Therefore, a great quantity of studies and products is 
developed, looking forward to the increasing consumption 
of these insect-based foods with the arguments of health 
benefit and low environmental impact. 

One of the most difficult aspects of introducing insects 
into the human diet is changing consumer perception. 
Although there is a growing interest in commercializing 
insect-based foods due to different reasons stated before, it 
exits known unwillingness from the society to broadly 
accept insect-based foods. In contrast, there are some 
regions, mostly from Africa, East Asia, Latin America, and 
Australia, where insects are a part of the basic and 
traditional diet (91). For example, Africa counts with the 
highest number of countries where insects are consumed 
(36 countries), followed by Asia (29 countries), America (23 
countries), and Europe (11 countries) (92). In contrast, in 
Western countries, specifically Western Europeans, 
Canadians, non-Aboriginal Americans, New Zealanders, and 
Western Australians, insects are not currently widely 
consumed. 

Eating insects can be considered a taboo, an ancient 
tradition exclusive of indigenous people (tropical rural 
areas), and antinatural according to social norms and beliefs 
of Western countries (93, 94). In Figure 1, some of the 
positive and negative main ideas boarding the perception of 
the consumers are presented. The most frequent factors 
found in the literature that explain this unwillingness to 
insect-based food are food neophobia and disgust (94-97). 
Food neophobia is the fear of eating unfamiliar foods, and it 


is directly dependent on the culture and social norms. Then 
the rejection to eat insects can be diminished by increasing 
the familiarity of insect-based foods, which can be achieved 
with strategies that are discussed later. On the other hand, 
the disgust at eating insects has been reported as a reaction 
resulted from an expected negative consumption experience, 
an expected feeling of discomfort due to nature, mostly 
dirty, of the habitats of insects, a fear of contamination and 
disease (94, 95, 98, 99). Therefore, depending on the main 
factors of the unwillingness reaction to eat insect-based 
foods should be the strategy to encourage its consumption. 
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FIGURE 1.4 consumer-perception diagram. A positive consumer- 
perception is colored in green, neutral is in yellow and negative is in red. 


Studies from different perspectives such as 
psychological, gastronomical, marketing, and among others 
on different segments of Western societies have been 
reported (100-103). These studies were directed to find the 
reasons for this unwillingness to eat insects and propose 
strategies to encourage Western people to include insects in 
their diet. A study with a psychological perspective explains 
that people tend to select their food driven by taste 
preferences rather than rational decisions. Then they 
propose an alternative sensorial-driven strategy to make 


people eat insects regularly. In this way, people will have a 
psychologically realistic motivation and gastronomic 
interest (100). Another study (101) related to entomophagy 
on attitudes of Western Australian seniors found disgusting 
reactions and concerns about the safety of the food as 
negative attitudes toward eating insects. These are implicit 
associations that were also discussed previously (95). An 
important reason related to the disgusting reaction is that 
Western people considered entomophagy as incompatible 
with their cultural beliefs and values. Therefore, a strategy 
(101) proposed is to guarantee food safety and disguising 
insects as food. Other authors (103) studied the effect of 
using mindfulness on the willingness to eat insects on young 
people of Americans and Australians. They discovered that 
mindfulness increases disgust and decreases willingness to 
try eating insects as a result of the increased state of 
awareness that mindfulness induces. 

Other studies relate the social influence on eating insects 
(98) and present the results of the effects of concerns about 
food contamination and a perceived social eating norm. It 
reveals that there is no link between perceived infectability 
and insect-eating disgust, but social norms have a 
significant impact on the willingness of people to eat 
insects. As a result, food culture and perceived social norms 
play important roles in explaining why people eat strange 
and possibly disgusting foods (98). There is another study 
where the perception of people that consume an insect- 
based diet is considered. They discovered that people 
perceive insect consumers to be more health-conscious, 
environmentally friendly, imaginative, brave, interesting, 
and knowledgeable than meat consumers. The social 
influence of people who consume such products may then 
be significant (99). 

Also, there are some reported efforts to improve the 
gastronomic experience of eating insects. For example, 
evaluation of the sensory and physiological properties of a 
broth made from frozen crickets and alive crickets when 
cooked to obtain a processing method with best results 
according to the sensory evaluation of the food (102). In the 
same way, insects that are soft and juicy after being boiled 


or vacuum cooked are less preferred than crispy insects 
produced by oven cooking or frying (15). 

Sensory attributes of insect-based foods depend on their 
diet. Insects take the flavor of the additives and ingredients 
they consume. For example, the exoskeleton of insects has 
an impact on texture, specifically on crunchiness. This 
characteristic helps consumers appreciate the crackers-like 
texture of food prepared with insects with crunchy 
exoskeletons. In their younger stages, chitins are lower than 
in older insects; this makes the products less crispy, but it 
can help to improve their digestibility. Another 
characteristic is the color, which can change with the 
cooking process; it can be gray, brown, red, or black. 
Because of this change, it is necessary to carefully choose 
the type of an insect and the processing applied in the final 
product (104). 

Although, in the case of introducing insects to the diet, it 
is suggested to use processed insects in order to make them 
no visible in the food. There are many studies that proposed 
very similar strategies to increase the acceptance and 
regular consumption of insect-based foods. It is well-known 
that a sole strategy would fail, such as what happens 
nowadays (105). Therefore, an integrative strategy must be 
considered. First, it is imperative to generate positive 
associations to overcome negative emotions toward insect- 
based foods, using, for example, marketing and social 
influence. Along with this, it is important to introduce 
contextual cultural information about insects, for example, 
the benefits of insect consumption on human health and the 
environment. In this way, it is expected to harness social 
norms and increase familiarity with the consumption of 
insect-based foods (93, 96-99, 105, 106). Although 
marketing is not enough, an appropriate product design 
must be done, considering a product made from processed 
insects or whole insects, with good sensory qualities, 
guaranteeing safety and compatibility with local food (93, 
99, 106). It would be expected that the acceptance of insect- 
based foods increases the acceptance of unprocessed insects 
in Western countries as well. 


Insect Food Safety and Regulation 


Microbial Hazards 

For many years, experiences of entomophagy have been 
widespread in traditional Africa, Asia, Oceania, and South 
America cultures; in fact, about two billion people already 
consume edible insects every day. However, the sanitary 
conditions of these insects are not always adequate due to a 
lack of information, control, and regulation of the risks 
derived from their consumption. Insect biodiversity is huge, 
implying a remarkable diversity of metabolic pathways and 
microbiomes among the various species (107), making the 
process of hazard identification complicated. Other factors, 
such as cultivation, processing, and further storage 
conditions, in addition to the own characteristics of insects, 
heavily influence the food safety of edible insects and are 
factors that affect the risk assessment of insect consumption 
as feed and food. To ensure the safety of insects and their 
products, processing and storage must adhere to the same 
health and sanitation regulations as any other food. 

Microbial hazards are one of the most serious food safety 
issues. In the last years, several studies have been conducted 
to investigate the microbial composition of various edible 
insects by two different approaches: through classical food 
microbiology methods (microbial counts) as well as through 
the next generation sequencing methods (NGS). The first 
approach has the aim of quantifying the viable cells in order 
to develop microbial criteria for edible insects similar to 
those used for other food products and, later, as a way to 
investigate qualitatively microbial community composition, 
although viable non-culturable or non-viable bacteria will 
be detected. 

Table 4 shows a review of the most significant results on 
microbial composition organized by the most accepted 
insect species in food and feed. Independently, of the insects 
studied, general microbial contamination, analyzed as a 
total mesophilic aerobes, is very high (7-8 Log1g CFU/g), 
similar to that usually found in raw vegetables and fresh 
herbs rather than counts found in any other animal product 
(110). At the same time, fresh insects also have a high 


enterobacteriaceae microbiological load (4.2-8 Log19Q CFU/ 
g), bacterial spores (1.3-4.8 Logjg CFU/g), and 
presumptive yeast and molds (4.2-7.2 Logjg CFU/g). 
Because enterobacteriaceae are hygiene indicators, the 
presence of this microbial group in a given food or feed 
should be carefully evaluated. Several explanations could be 
found for those values. From one side is the fact that the 
vast majority of insects are consumed whole, including their 
guts, which could contain 106-1012 CFU/g (107). To 
decrease these values, some producers subject the insects to 
a fasting period of 24-48 h prior to slaughter. However, the 
effectiveness of this technique to reach microbial 
concentration below risk levels is not yet proven. Other 
factors that could have an impact on the presence and 
growth of potential spoilage bacteria and food pathogens 
are rearing conditions and poor processing in combination 
with long shipping transportation. 


Table 4. Microbial contamination [Log19 (N) (CFU/g)] reported for different 
insects. 
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As far as microbial pathogens are concerned, no L. 
monocytogenes has been detected in any of the samples 
described in the literature; however, the presence of 
Salmonella spp. and Bacullis cereus in some samples are 
registered (108, 110). The development and the type of 
safety regulation applied related to insect consumption are 
very variable for different regions. Some countries with 
traditional insect consumption such as Thailand have 
developed guidance on good agricultural farming practices 
(119), and other countries such as Belgium or The 
Netherlands advise producers to refer to the EU Regulation's 


hygiene criteria for minced meat (EC 1441/2007). On 
average, the level of microbial contamination of fresh 
insects is above the limits established by this regulation, and 
some pathogens such as Salmonella spp. or B. cereus have 
been described in the literature; therefore, to avoid or 
reduce the risks associated with the consumption of edible 
insects, a processing step with an antimicrobial effect is 
required. 

While classical methods based on microbial counts are 
necessary to establish food hygiene criteria, efficient and in- 
depth methods to evaluate the biodiversity of insect 
microbiome are also of utmost importance. Several next- 
generation high throughput sequencing (NGS) techniques 
have been used to study the microbiota of insects in the 
absence of culture. Great bacterial diversity and variation 
between different insects, even among the same insects 
reared in different facilities, were seen. When studying A. 
domesticus microbiota, it has been suggested that microbial 
communities are highly dependent on rearing conditions 
and are heavily influenced by dietary and environmental 
factors such as breeder manipulation, food and water 
microbiota, and so on (107). From the food safety 
perspective, some authors pointed out the high occurrence 
of Enterobacteriaceae, with the closest relatives of the genus 
Enterobacter and lactic acid bacteria with the closest 
relatives to Enterococcus and Lactococcus species, dominating 
in all samples (111, 115). Spore-forming bacteria from the 
genera Anaerobacillus, Bacillus, Clostridium, Paenibacillus, and 
Geobacillus are also remarkable insect microbiota 
components as described before (111-113). Other spoilage 
and pathogenic microorganisms assigned to genera 
Weissella, Pediococcus, Streptomyces, Acinetobacter, 
Agrococcus, Naxibacter, Arthrobacter, Planomicrobium, 
Rufibacter, Bacillus, Clostridium, Vibrio, Desulfovibrio, 
Aspergillus, Loktanella, Escherichia, Tetrapisispora, Eurotium, 
Debaryomyces, and Wallemia were identified by PCR-DGGE 
in A. domesticus, L. migratoria, and T. molitor (120). In 
general, a wide range of potential spoilage bacteria and 
food pathogens may be present in insects, making them 
vectors for foodborne diseases; therefore, to avoid or reduce 


the risks associated with insect consumption, a 
microbiocidal processing step is required. Like other foods, 
these risks can be mitigated by employing proper hygiene 
and manufacturing practices. 


Preservation Processes to Guarantee Microbial Safety 


To guarantee food safety while increasing the shelf life of 
edible insects, food preservation techniques should be 
applied to control growth and/or inactivate spoilage and 
pathogen microorganisms. Decreasing water content 
(drying, freeze-drying), acidification or thermal treatment 
(boiling, blanching, or sterilizing) of foods is the most 
common food preservation strategy applied. 

Regarding the thermal treatments, different 
combinations of cooking, boiling, and drying to inactivate 
the flora of T. molitor and different crickets (A. domesticus 
and Gryllus bimaculatus) were tested (114, 121). The 
treatment of 30-min cooking + 12-h drying at 80 and 
100°C and 5-min boiling + 24-h drying at 55°C was the 
most efficient to inactivate the microbial flora 
(enterobacteria, yeast and molds, staphylococci); however, 
these treatments were not enough to inactivate spore- 
forming bacteria. A tyndalization-like treatment reduced all 
microbial counts below detection limits, but food quality 
(mainly physical-chemical properties and nutrients) should 
be considered. Blanching (99°C for 5-10 min) and 
sterilization (120°C, 16 min) were also considered as 
sanitation methods to reduce microbial contamination in T. 
molitor and A. domesticus (117). Both treatments were 
enough to diminish enterobacteriaceae and yeast and molds 
below the limits for fresh minced meat (Belgian 
requirements), but only sterilization succeeds for spore- 
forming bacteria. The same authors pointed out freeze- 
drying as a useful preservation technique. However, because 
this technique is known to’ mostly _ inactivate 
microorganisms rather than kill them, it is necessary to 
heat-treat freeze-dry insects before eating them (121). 
Different household cooking techniques (oven-cooking, 
panfrying, vacuum-cooking, and boiling) were investigated 
to inactivate total aerobic flora (15). Only vacuum-cooking, 


boiling, and frying reduced the microbial flora to less than 
the lower limit for fresh minced meat, with boiling being 
the most effective treatment. Other authors (108, 109) have 
considered high hydrostatic pressure treatment (HPP) as an 
alternative preservation method to reduce a microbial load 
in H. illucens. The treatment of 400 MPa during 7 min was 
effective in inactivation of pathogen Escherichia coli 
O157:H7 and S. typhimurium in more than 5L0g10, while a 
low reduction was reached in total mesophilic flora, 
probably due to the presence of spore-forming bacteria and 
the incapacity of HPP to inactive them. 

From the studies presented in the literature, it can be 
deduced that insects, like many foods, can be a vector for 
foodborne disease transmission. Nevertheless, these risks 
can be reduced by optimizing and controlling the 
production and_ processing conditions. Furthermore, 
regulations and policies governing the safety of edible 
insects will be a valuable tool in improving the safety of 
insects as food and feed (122). 


Allergen Risk 

Some studies have reported cases of anaphylactic reactions, 
following the consumption of edible insects; these reactions, 
perhaps, were caused by the existing relationship between 
insects and arthropods (including shrimps, dust mites, etc.) 
(123). Purines, which are found in proteins, are made up of 
hydrogen, carbon, and nitrogen, as well as adenine and 
guanine. Uric acid is a byproduct of purine metabolism in 
the human body, which can be harmful to people with gout. 
Insects, such as mealworms, house crickets, discoid roaches, 
and desert locusts, were studied to see if there are sex 
differences in purine derivate content. Significative 
differences between sexes were found in house crickets and 
desert locusts; for house crickets, male samples showed 
guanine and hypoxanthine values of 1.66 and 2.04 g/kg dry 
matter, respectively, while, for females, the values were 
1.37- and 1.85-g/kg dry matter. For male desert locusts, the 
values were 1.15- and 0.65-g (kg dry matter) guanine and 
hypoxanthine, respectively, while female desert locusts 
showed values of 1.15- and 0.65-g/kg dry matter. The 


highest adenine values were found in desert locusts—for 
males, 1.95-g/kg dry matter, while for females, 2.73-g/kg 
dry matter (124). Humans can consume insect species with 
no additional risks when compared with commonly 
consumed animal products. 


Regulation 

Insects might be a source of biological and chemical 
contaminants that could affect the health of consumers 
(125). In fact, that has been the focus of Safety Agencies 
like the European Food Safety Authority (EFSA), which 
concluded that the health risks associated with insects 
consumption depend on the species and substrate used for 
farming, the way of reared, harvested, and processed (126, 
127). Several European countries, including Belgium, 
Switzerland, and the Netherlands, have declared that 
certain insects are permissible for production and 
consumption (91). In 2014, in Belgium, the Scientific 
Committee of the Federal Agency for the Safety of the Food 
Chain agreed that farmed insects can be consumed or put on 
to market previously processed with a heating step (128). 
Likewise, the Swiss Federal Food Safety and Veterinary 
Office stated that they support the sale of crickets, 
grasshoppers, and mealworms (91). In Europe, since 
November 2015, insects have been designated as novel 
foods and are subject to a centralized procedure governed 
by EU Regulation 2015/2283. For instance, processed 
animal proteins (blood products, gelatin, collagen, and 
hydrolyzed proteins derived from ruminants) cannot be 
used as a substrate for insects to prevent pathologies related 
to spongiform encephalopathies (129). Exception to that are 
seven insect species (H. illucens, Musca domestica, T. molitor, 
A. diaperinus, A. domesticus, G. sigillatus, and Gryllus 
assimilis) that could be used in aquaculture and pet food in 
the European Union. 

Despite consuming a high number of insect species in 
Africa, there is lack of specific regulations in many of them 
(130). Exceptions are the Botswana's law that considered 
mopane caterpillars (Imbrasia belina) as edible (130), and, 
more recently, the Kenya Bureau of Standards (KEBS) has 


approved three national standards for guiding the primary 
production of edible insects and also how to handle the 
resulting by-products. Specifically, standards describe the 
requirements for infrastructure and environmental issues 
(131) or for the food and feed products containing edible 
insects (131, 132). 

In the United States, insects can be sold as food if they 
are raised by companies that have set up special production 
lines for human consumption and processed under sanitary 
conditions, following current good manufacturing practices 
and must be properly labeled according to FDA regulations 
(91). In Oceania, the Food Standards Australia New Zealand 
(FSANZ) Advisory Committee on Novel Foods (ACNF), does 
not identify any safety concerns for Z. morio, T. molitor, and 
A. domestica that are considered non-traditional food but 
only in the case of individuals with crustaceans allergies. In 
Asia, there is a long tradition in consuming insects, and, 
generally, they do not have specific regulations, although, 
for instance, in China, there are local standards for some 
insects. For instance, there are safety standards for edible 
frozen fresh silkworm pupae in Guangxi Zhuang 
Autonomous Region (133). Then legislation around insect- 
based foods is being developed as the interest in their 
consumption is growing. The food safety of edible insects 
can thus contribute to the process of accepting insects as an 
alternative food source, changing perceptions of 
entomophagy of developed countries. 


CONCLUSIONS 


When insects are used as a whole food or as ingredients, 
they have positive impacts on nutritional value by 
increasing the quantity and quality of proteins, fats, and 
micronutrients. The enrichment of staple cereal-based food 
with insects increases the proportions of protein and fat and 
is feasible and convenient to prevent nutritional deficiencies 
in populations that have difficult access to protein-rich food. 
By using insects as ingredients, the organoleptic qualities 
(taste, appearance, texture, color, etc.) nor the technological 


properties of the products are compromised. Similarly, 
bioactive compounds found in insects have been shown to 
benefit a variety of diseases, such as coronary heart disease, 
cancer, and _ inflammation. Bioactive-derived insect 
compounds should be used to design foods for improved 
health. The adoption of an insect-based food primary barrier 
is consumer perception of entomophagy. Although, in the 
case of introducing insects to the diet, it is suggested to use 
processed insects in order to make them no visible in the 
food. Likewise, in comparison to commonly consumed 
animal products, insect species can be consumed by humans 
with no additional risks. The food safety of edible insects 
can thus contribute to the process of accepting insects as an 
alternative food source, changing the perceptions of 
developed countries of entomophagy. Although insects are 
consumed by 30% of the population of the world, there is 
still a long way to go to be fully accepted, having 
regulations will allow insects-based foods to be so common 
in the future that we cannot understand why we did not 
incorporate them into our diet before these slimy yet 
satisfying ingredients. 
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